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EVALUATION OF CENTRIFUGAL COMPRESSCR PERFORMANCE WITH WATER INJECTION

By Willism I.. Beede, Joseph T. Hamrick, and Joseph R. Withee, Jr.

SUMMARY

An investigation was conducted to determine the effects of water
injection upon the performance of a double-entry centrifugal com-
pressor. In order to determine the effects of varylng water-air ratios,
the compressor was operated at a comnstant equivalent impeller speed over
a range of weter-alr ratios and weight flows. Operation over a range of
weight flows at one water-alr ratio and two inlet-air temperatures weas
carried out to obtain an indication of the effects of verying inlet-air
temperature. An estimate of the magnitude of evaporation within the
compressor impeller with water injection based upon actual performence
data is also presented.

An increase in water-air retio from O to 0.055 resulted in an
increase in peak total-pressure ratlio of 8.1 percent and a decrease in
peak adiabatic efficiency of approximately 16 percent (actual numerical
decrease, 0.762 to 0.638). The maximum equivalent air weight flow
increased 3.6 percent and the maximum equivaelent total weight flow (air
and water) increased 9.4 percent. For this compressor, beyond a water-
air ratio of 0.03 there was no incresse in maximum air weilght flow, &
negligible rise in peek total-pressurse ratio, and a decrease in peak
adiabatic efficiency.

An increase in Inlet-ailr temperature resulted 1n an Increase in the
magnitude of evaporation. This increased evaporation had the same
effects upon the over-all compressor-performence characteristics as
those resulting from an increaese in the quantity of water inJected.

Analysisg of data indicated that the magnituds of evaporation in the
compressor impeller was small.
INTRODUCTION
Injection of water at the compressor inlet is a standard method of

turbojet-engine thrust augmentation. The effects of water injection on
compresgsor performance are discussed herein.

UNCLASSIFIED
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Theoretical investigations (reference 1) predict large gains in
pressure ratic when water is injected if the compressor efficiency can
be maintained neasr the value for dry’ ccmpression )

Several conditiomns resulting from the injection of water may be
expected to lower efficiencies. The unstable conditions which may
exist in a mixture of air and water and the heat transfer from the air
t0 the water droplets across a finite temperature difference contribute
to lower efficiencies. The change of flow conditions within the impel-
ler and the diffuser passsges due to evaporstive cooling of the alr may
result in grester flow decelerations. Flow deceleratlons generally are
quite large in the conventional centrifugel Impeller (reference 2) and
addltional decelerations tend tc aggravate any boundary-layer growth
that is present. Increased decelerations may also change the relation
between flow area and flow volume within the impéller passages causing
greater tangentlal veloclty gradients &Cross the impeller outlet with
resultant higher mixing losses.

In order to determine the changes in centrifugal compressor per-
formence which result from the injection of water and to determine
qualitatively the distribution of vaporization within the compressor, ‘an
investigation was conducted at the NACA Lewis laboratory. A double-
entry centrifugal compressor was opersated at a constant equivalent
impeller speed over a range of water-alr ratios and weight flows. Oper-
ation over a range of weight flows at one water-air ratio and two inlet-
ailr temperatures was carried out to obtain.an indicstion of the effect
of verying inlet temperature.

SYMBOLS

The following symbols are used in this report:

w

ry water-alr ratio by welght due to water injected at
compressor inlet, (lb weater/lb dry air)

W actual air weight flow, (1b/sec)

] ratio of inlet total temperature to NACA standard
sea-level temperature

o} retio of inlet total pressure to NACA standard sea-~

level pressure

E%ég (1.0 + g) equivalent total weight flow, (1b/sec)
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APPARATUS AND PROCEDURE

Apparatus. - The double-entry centrifugal turbojet-engine compres-
sor wag driven by & 9000-horsepowsr verisble-frequency induction motor
through a speed increaser. The inlet air passed through a submerged
flat-plate orifice into a stagnation tank housing the compressor. Water
was lnJjected into the inlet air stream through 14 orifice-plate-type
nozzles, which were equally spaced around each of the front and rear
compressor-inlet screens. The nozzles had a spray angle of approxi-
mately 65° and gave & relatively coasrse spray.

During operation at a water-sir ratio of zero, calibrated thermo-
couples were located at the compressor outlet. The remaining apparatus
and Instrumentation are the same as described in reference 3.

Procedure. - The effects of various water-air ratios on compressor
performance were evaluated at ambient Inlet-air temperature, which
varied from 66° to 82° F, constant inlet-air pressure of 14 inches mer-
cury sbsolute, and an equivalent impeller speed of 11,800 rpm (tip
speed, 1545 Pt/sec). The water-air ratio was varied from O to 0.055
and the weight flow was varled from conditions of choke to incipient
surge. Data from these tests werse used to make an estimate of the mag-
nitude cf evaporation at the inlet to the wvaned-diffuser section of the
compressor. Awmbient temperature for these data varied from 66° to 73° F.

The effects of inlet-sir temperature upon the magnhitude of evapor-
ation and the résultant effects upon over-all compressor performance
were determined at an equivalent impeller speed of 10,000 rpm (tip speed,
1309 ft/sec) eand a water-alr ratio of 0.05. The inlet-air temperatures
were approximately 60° and 100° F.

Computatlons. - At a water-air ratio of zero, the compressor effi-
clency is computed in accordance with the method of reference 4, using
standard inlet and outlet total temperatures and total pressures. At
vater-air ratios of 0.0l to 0.055, the efficiency is the ratio of the
isentropic work (referemce 1) to the actual work as determined by use
of a strain-gege torquemster.

An estimate of the magnitude of evaporation or vapor-air ratio at
the inlet to the vaned-diffuser section of the compressor is determined
by the method presented in the appendix.

RESULTS
Effect of Varying Water-Air Ratio

The variation of over-all compressor performence over & range of
water-air retios is presented in flgure 1. An increese in water-air
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ratio from O to 0.055 results in the following changes in over-all com-
pressor performance:

(1) An increase in peak total-pressure ratio of 8.1 percent
(fig. 1(c))

(2) An increase in meximum equivalent air weight flow of 3.6 per-
cent and an increase in maximum equivalent total welght flow (air and
water) of 9.4 percent (fig. 1(d4))

(3) A decrease in peak adlabatic efficlency of approximately
16 percent (actual mumerical decrease 0.762 to 0.638) (fig. 1(e))

Effect of Varying Inlet-Alr Temperature

The following results were obtained from a brief investigation of
the effects of inlet-air temperature upon the magnitude of evaporation
end the resultant effects upon the over-all compressor performance. At
8 water-air ratio of 0.05, a change in inlet-alr temperature from
approximastely 60° to 100° F resulted in an increasse in the magnitude of
over-all evaporatlion from approXximately 0.025 to 0.042 pounds of water
per pound of air, These data conslsted of 7 polnts at each temperature
(60° and 100° F) and the spread of data at each temperature was wlthin
#0.002. The over-sll magnitude of eveporation is defined as the wvapor-
air ratlo or specific humidity measured 34 inches downstream of the com-
pressor outlet minus the inlet specific humldity. Because of the dis-
tance between the compressor outlet and the ocutlet measuring station,
the over-all magnitude of evaporation is qualitative only; however, it
does indicste that for & relatively small increese in Inlet temperature
a substantial increase in evaporation occurs through the compressor.

The effects ¢f Inlet-alr temperature upon the over-all compressor
performance are shown in figure 2, Representative changes in the per-
formance variables are glven in the following table:

Inlet-alr Peak adiabatic | Maximum Maximum Peak total-
temperature efficiency equivalent equivalent pressure
alr weight total weight | ratio
flow flow
(om) (1v/sec) (1v/sec)
60 0.672 90.4 94.9 3.34
100 656 93.2 97.8 3.50

6612
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Megnitude of Eveporation within Impeller

Calculations were mads to obtain an estimate of the magnitude of
evaporation within the impeller for data corresponding to zero angle of
attack of the diffuser vanes (see appendix). Because installation of
instruments at the impeller outlet was not feasible, this analysls was
carried out from data obtained at the inlet to the vaned diffuser sec-
tion. The magnitude of evaporation therefore includes the evaporation
which occurs in the veneless diffuser. As indicated in figure 3, the
magnitude of evaporation is small.

DISCUSSION OF RESULTS
Effect of Varying Water-Air Ratio

The effects of water injection upon the peak total-pressure ratio,
maximum equivalent total welght flow, and pesk adiabatic efficlency are
shown in figure 1. For this compressor, beyond a water-air ratio of
0.03 there was no increase in maximum air weight flow, a negligible
rise in peak total-pressure ratio, and a decrease in peak adiabatic
efficiency. In order to arrive at a detalled quantitative analysis of
the ohserved effects of water iInjectiom, it 1s necessary to determine
the state of the mixture at a series of stations along the flow path.
Inasmuch as installation of instrumentation necessary to determine the
state was not feasible, a qualitative analysis 1s given.

Pesk total-pressure ratio. - Maximum gains in total-pressure ratio
were obtained for water-air ratios up to 0.03, after which no appreciable
increase was noted., Estimated values of static temperature and the
quantity of weater evaporated at the diffuser inlet indicate that the
air was not saturated in the impeller nor at the diffuser inlet although
droplets were present in the stream. Measurements obtained by use of the
instruments described in reference 3 of actual quantities of water eva-
porated through the compressor showed that 60 to 80 percent of the water
was evaporated at all water-air retios for ambient inlet temperatures.
The increese in the quantity of waster eveporeted at water-asir ratios
gbove 0.03 indicaetes that for evaporative coollng at the higher water-
ailr ratios, the decrease in efficiency due to changes in flow conditions
and thermodynamic losses offsets any gains in pressure ratio that might
have been obtained.

Maximum equivalent total weight flow. ~ Although no gain in mexi-
mum equivalent air weight flow occurs beyond a water-air ratio of 0.0Z2,
the equivalent total weight flow increasses over the entire range of
water-air ratios., The increase in meximum equivalent total weight flow
beyond a water-air ratio of 0.02 is due solely to the weight of water
injected into the compressor. In the operation of the compressor both




& NACA RM ES1E2L

with and without water injection, the flow was limited by choking at the
inlet to the vaned diffuser section. With water injection the net effect
of an increase in denslity and & decrease 1ln through-flow veloclty as
effected by the cooling of the air stream ls an Increaese in the maximum
air weight flow. Inasmuch as choking occurs very near the impeller out-
let only that evaporation which occurs within the impeller (and the

short veneless diffuser section) contributes to an increase in ailr weight
flow. The water-alr ratios at which the maximum equivalent ailr-weight-
flow and total-pressure-ratio curves tend to level off would not be
expected to coincilde inasmuch as they do not represent the same compres-
sor operating polnts. . -

Peek adlebatic efficlency. - The maximum rate of decrease in pesak
adiabatic efficiency occurred until a water-sir ratio of 0.03 was
reached, asfter which the curve tended to level off. There are several
reasons for the large decrease in adiabatic efficiency whlich accompanies
the injection of water; the most probable primary reason being the ther-
modynamlc losses due to the eveaporative cooling which occurs within the
diffuser. The high rate of diffusion, which produces a rapid increase
in static temperature, results in an unstable mixture of water droplets,
superheated vapor, and alr. The losses which result from this unstable
condition in addition to those caused by heat transfer from the ailr to
the droplets across a temperature difference may be quite large for high
water-air ratios. An estimate of the amount of evaporatlon indicated
that the evaporation within the impeller is very small and as a result
the quantity of—water eveporated in the diffuser becomes greater as the
water-eir ratlo is increased. It would be difficult to eliminete this
inefficiency due to unsteble evaporation in the diffuser because water
droplets were present at the compressor outlet even at the lowest water-
air ratio (W/£ = 0.01). The cooling in the impeller and the diffuser
may also lower the aserodynamic efficiency of the compressor. Reference 2
shows that decelerations in flow are qulte severe in this type compressor.
Cooling of the air results In greater deceleratlons (more severe veloclity
gradients), which are highly conducive to boundary-layer build-up and
separation. Experimental data show that the reduced velocities at the
impeller outlet cause larger negative angles of attack at the inlet to
the vened diffuser section, which also contributes to lower over-all
compressor efficiency.

Effect of Varying Inlet-Air Temperature

Increasing the inlet-sir temperature resulted In an Increase in
evaporation. The increased evaporation had the same effects upon the
over-all performance characteristics as those resulting from an increase
in the quantity of water inJected.

|
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Magnitude of Evaporation within TImpeller

Calculations were made to obtain an estimate of the magnitude of
evaporation within the compressor impeller. It was assumed that the
effective flow srea at the inlet to the vaned diffuser remalned constant
with and without water injection and that the slip factor also remasined
constant. Inasmuch as assumptions were made, the calculated value of
megnitude of evaporation is not exact but is a reasonsble estimate and

gerves to show that the amount of evaporation in the impeller is smell,

SUMMARY OF RESULTS

The following results were cobtained in an evaluatlion of the perform-
ance of a centrifugal compressor with water injection:

1. An increase in water-air ratio from O to 0.055 resulted in en
increase in peek total-pressure ratio of 8.1 percent and a decrease in
peak adisbatic efficiency of approximately 16 percent (actual numerical
decrease, 0.762 to 0.638). The maximum equivalent air weight flow
increased 3.6 percent and the maximm equivelent total weight flow (air
and water) inmcreased 9.4 percent.

2. The effects of water injection decreased as the water-air ratio
was increassed., At water-alr ratios greater than 0.02, the maximum equi-
valent alr weight flow was constant. At water-air ratios greater than
0.03, there was a negligible rise in peak total-pressure ratio and a
decreasse in pesk adiebatic efficiency.

3. An Ilncrease in inlet-air temperature resulted in an increase in
the magnitude of evaporstlon. This increesed evaporation had the same
effects upon the over-ell compressor performance characteristics as
those resulting from an increase in the quantity of water Injected.

4. Analysis of data indicated that the magnitude of evaporation in
the compressor impeller was small,

Lewis Flight Propulsion Iaboratory,
National Advisory Committee for Aeronsutics,
Clesveland, Ohio.
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APPENDIX - METHOD FOR DETERMINING MAGNITUDE
OF EVAPCRATION AT INLET TO VANED DIFFUSER

The enthalpy change of the mixture with and without water injection
is used as the basls for the computation of the magnitude of evaporatiom.
As 1t was not feasible to Install Instruments at the impeller outlet,
this analysis was carrled out at the inlet to the vaned diffuser section,
which results in a magnitude of evaporation that includes the evaporation
occurring in the vaneless diffuser section. The enthalpy change is found
by determination of the static temperatures with and without water injsc-
tion et the inlet to the vaned diffuser sectilon.

In order to compute the static temperature without water injectiom,
the flow angle o of the asir entering the vaned diffuser section of the
compressor must be determined. Determining the static temperature with
water injection required that the flow angle o remain constant and at
the same value as that used in determining the static temperature without
weter injectlion. These conditions were satisfied by selecting data
wherein the angle of attack of the air entering the vaned diffuser
is equal to zero. ‘

Statlc temperature without water injectlon. - In determining the
static temperature, it 1s necessary to find the absolute welocity V
of the air entering the vaned diffuser section, This computation is
mede by use of the general energy and contimulty equations:

215,'1:'% (T - t) =_cp-< -3§§> (a1)
end - -
W = pghAv (42)
Then T _ N
Vi VA
287 = °p (’I‘ - WB) (a3)
where

v absolute velocity, ft/sec

g acceleration of gravity, ft/sec?
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J  mechanical squivelent of heat, 778.26 ft-1b/Btu
cp specific heat at constent pressure, 0.24 Btu/(1b) (°F)
T outlet total temperature, °R

static temperature at inlet to vaned diffuser, °R

ct

P static pressure at inlet to vaned diffuser, Ib/sq ft
Py static density at inlet to vaned diffuser, Ib/cu £t
R universal gas comstant for air, 53.35 £t-1b/(1b){°F)
W air welght flow, 1b/sec

A flow area at entrance to vaned diffuser, sq £t

v radiel velocity, ft/sec

With a known €lr-flow angle o and & substitution of V sin o for
the radiel velocity v, the sbsolute velocity V 1is found directly
from equation (A3). The inlet-air temperatures for the data selected
for this investigation (where the angle of attack at the inlet to the
vaned diffuser section is zero) varied from 66° to 73° F. Because of
this variation in inlet-alr temperature and because the compressor was
operated at a constant equivalent impeller speed, corrections were
applied for variations in inlet-alr tempersture and actual impeller
speed in order to obtain & true gbsolute velocity V.

The steatic temperature is then obtained by using equation (Al)
v2
2gJd %p ( ) (A1)

Static temperature with water injectlon. - In order to determine
the static temperature with water injection, 1t is again necessary to
select data wherein the angle of attack of the air entering the wvaned
diffuser 1s zero. The static temperature cen then he determined by use
of the contimulty relation:

W- v
Wp 5,0 VD (ad)
W Ps,whw Vv

where & denotes static conditions and subscripts W and D represent

velues obtalned with and without water injection, respectively. The tan-
gential veloclties are made equal by applylng corrections for variations
.
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in the actuasl impeller speed and by assumlng that the slip factor is the
same both with and without water injection. (Actual power measurements
showed the slip factor to be constant within the accuracy of measure-
ment.) As the air-flow angle o 1s constant (by selection of data) and
the tangential velocities are equal, the absolute through-flow velocities
of equation (A4) are equal and can be eliminated. If it is assumed that
the effective flow area remains constant, equation (A4) can be written:

D
"D _ Ps,p . R (85)
o Psw Pw

Rty

Because of the small amounts of water used in this Iinvestigation, the
change in R with water inJjection is negliglble; therefore,

¥p _Ppty |
Wy tp Py (48)

where W 1s the actual air weight flow. In the solution of equa-
tion (A6), all values are corrected for variations in inlet-ailr tempera-
ture and actual impeller speed. To be rigorous the term _Ww should

include the weight of water which has evaporated in the impeller; how-
ever, as determlnation of this quantity 1s the purpose of the anslysis,
the welght of water is neglected. L Results of the analysis indicate that
this assumption ls adequate.

Megnitude of evaporatlion. - The changes in the enthalpy of the mix-
ture with and without water injectlon 1ls determined usling the computed
inlet and ocutlet static temperatures. The quantlty of water evaporated
1s then determined by assuming that the changes in enthalpy are due
entirely to the evaporation of the water droplets and that the water
vapor is &t the same temperature as the surrounding air.
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Figure 1. - Pérformance of centrifugal compressor with
water lnjectlon at equlvalent impeller speed of
11,800 rpm (tip speed, 1545 ft/sec), constant inlet
pressure of 14 inches mercury absolute, and ambient
inlet-alr temperatures from 66° ta 829 F.
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Figure 1. - Concluded. Performance of centrifugal compressor
with water injection at equivalent impeller speed of 11,800
rpm (tip speed, 1545 ft/sec), constant inlet pressure of
14 inches mercury absolute, and amblent inlet-air tempera-~
tures from 66° tao 82° F.
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mance with inlet-air temperature at equivalent impeller e
speed of 10,000 rpm (tip speed, 1309 ft/sec), constant
inlet pressure of 14 Inches mercury absolute, and water- iz

alr ratio by welght of 0.05.
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Water-air ratio at compressor inlet, 1b/1b

Flgure 3, - Performance of c¢entrifugal compressor wilth
water inJection at equivalent lmpeller speed of
11,800 rpm (tip speed, 1545 ft/sec), constant inlet
pressure aof 14 inches mercury absolute, amblent inlet-
alr. temperatures from 66° ta 73° F, and zero angle
of attack at inlet tao vaned diffuser.

NACA-Langley - 7-18-51 - 535



] Libr

NASA Technica

.Hl
===
e
S
o]
—_—
=
==
===
———
e
——
p
——
e
———
———
———
==
—————
W———

|
|
1
|
|
|
l
!
]

<t
©
¢
o~N
1]
(3]
il
—
o
©
~
—
=
o

it ]



